Ternary CePt Si 3 crystallizes in the tetragonal P mm 4 structure which lacks a center of inversion.
Introduction
Electron correlations in solids are a «magic door» to the discovery of unexpected features and phases of metals, intermetallics and oxides at low temperatures. Of particular importance are phase transitions at T = 0. Critical fluctuations associated with such a phase transition can lead to strong renormalization of normal metallic properties and novel exotic phases may emerge from these strongly fluctuating environments. One of the most exciting features in this context is the occurrence of superconductivity (SC).
The appearance of SC in such a scenario can deviate from the common BCS type in many essential aspects. Strong correlation effects responsible for the heavy electron behavior from narrow f-electron bands, may hamper the possibility of conventional Cooper pairing, i.e. pairing in the most symmetric (s-wave) form as it is favoured by electron-phonon interaction. In turn, magnetic fluctuation may provide the necessary attractive interaction in a different angular momentum channel. This means that Cooper pairs may have either spin-singlet or spin-triplet configuration and the orbital angular momentum may lead to a highly anisotropic gap with zero nodes. Almost all previously studied SC exhibiting strong electron correlations in the normal state region are characterized by a center of inversion in its crystal structure. This allows us to distinguish spin-singlet and spin-triplet components of the SC order parameter and consider them separately. Superconductivity in materials having no inversion symmetry is rare. This lack of a inversion center invalidates some aspects of the scheme of symmetry classification and leads to a mixture of singlet and triplet pairing in general.
A recently discovered example in this respect is CePt Si 3 with the tetragonal space group P4mm (No. 99) [1] , the first heavy fermion SC without a centre of inversion. The absence of inversion symmetry induces peculiar band splittings, as we will discuss below, which are detrimental to certain kinds of Cooper pairing channels. In particular, spin triplet pairing becomes unlikely under these circumstances [2] .
The aim of the present paper is to provide a review of results of current research dedicated to the various physical properties of CePt Si 3 in both the normal and superconducting states and to locate the system in the standard generic phase diagram of heavy fermion compounds.
This paper is organized as follows. After a discussion of normal state properties of CePt Si 3 , the SC features of CePt Si 3 are examined before theoretical considerations concerning the SC order parameter are made.
Results and discussion

Normal state properties
Physical properties of ternary CePt Si The response of the system associated with the mutual interplay of these mechanisms will be highlighted below. Substantial information concerning the magnetic and the paramagnetic properties of CePt Si 3 can be deduced from the temperature dependent magnetic contribution to the specific heat C T mag ( ). is an almost logarithmic tail of DC /T p above T N , extrapolating to about 12 to 13 K. The logarithmic temperature dependence observed just above the magnetic transition may be considered as hint of non-Fermi liquid (nFl) behavior. Therefore, it is a unique observation at ambient pressure that non-Fermi liquid behavior, magnetic ordering and eventually a SC transition consecutively arises on the same sample upon lowering the temperature. To corroborate the nFl property deduced for CePt Si 3 from the specific heat data and to exclude short range order effects and inhomogeneities above the magnetic phase transition, C T p ( ) was studied for diluted Ce La Pt Si 0 2 0 8 3 .
. as well.
Results are shown in Fig. 1 as DC p vs. ln T (squares).
This diluted sample -without magnetic ordering -exhibits a similar logarithmic contribution to the specific heat, like parent CePt Si 3 , and thus states this feature as intrinsic property. In order to analyze in more detail the magnetically ordered region of CePt Si 3 , a model by Continentino [3] is applied for the specific heat well below T mag : . mW cm K .
Superconductivity and normal state properties of non-centrosymmetric
To account for the magnetically ordered region of CePt 3 Si in more detail, the above indicated model of Continentino can be adopted for the temperature dependent electrical resistivity, where conduction electrons are scattered on antiferromagnetic magnons [3] The coefficient A derived is much larger than usually observed for simple metals like K or Cu, and thus evidences again that the low temperature state of CePt 3 Si is dominated by heavy quasiparticles. In fact, considering the electron-electron interaction in terms of the Barber model indicates
where
) is the electronic density of states at the Fermi energy. Since also the Sommerfeld value depends on the same quantity, it is naturally to arrange certain systems according their A and g values. Such a classification was made for the first time by Kadowaki and Woods [7] , and many highly correlated electron systems have been shown to satisfy this scheme [8] . Results of this procedure are shown in Fig. 4 For better understanding of the magnetic ground state and expected localized character of Ce 4f electrons, neutron inelastic scattering experiments were performed. In order to accurately and reliably determine magnetic scattering from the magnetic moments of Ce, both CePt 3 Si and LaPt 3 Si were investigated in powder form under identical conditions. For a proper phonon subtraction, two well-established methods were used [10] , yielding almost identical results.
The intensity shown in Fig. 3 for a sample temperature T = 6.4 K is expected to be solely of magnetic origin as the phonon contribution has been subtracted from the data. In order to account for the excitations observed, the standard CEF Hamiltonian for Ce meV. These parameters are consistent with levels at D 1 13 = and D 2 20 = meV and allow to reasonably well describe magnetic scattering (solid line, Fig. 5 ). Keeping the CEF parameters unchanged, the data obtained at 94 K are equally well explained. Moreover, the two CEF excitations centred at 13 and 20 meV are also consistent with the heat capacity data as discussed above. We furthermore studied low energy excitations using lower incident energy to find a weak feature around 1.4 meV.
The dispersion of that intensity at T = 5 K, particularly around Q = 0.8 Å -1 is a signature for the development of short-ranged magnetic correlations and can be considered as origin of the anomalous behavior of the specific heat above magnetic ordering. At higher temperatures (T » 30 K) scattering becomes Q-independent. This feature is completely absent in non-magnetic LaPt 3 Si . Differently to our study performed at the instrument HET of ISIS (UK), the inelastic neutron scattering experiment reported in Ref.
4 indicated two CEF peaks at 1.0 and 24 meV. Based on the latter, a set of CEF parameters was deduced, sufficient to account for isothermal magnetisation and the temperature dependent magnetic susceptibility. However, this latter CEF level scheme does not properly describe the temperature dependent magnetic contribution to the specific heat and magnetic entropy. Such a discrepancy is rather serious, since, different to magnetization and susceptibility, not any theoretical model is necessary for the calculation, except basic thermodynamics. In order to get more reliable data for the analysis, particularly at low energy excitations, neutron inelastic measurements with high resolution and low incident energy neutrons are in progress.
Superconducting properties of CePt 3 Si
Signs of bulk SC of CePt 3 Si below T c = 0 75
. K are numerous: zero resistivity, diamagnetic signal in the susceptibility, a jump in the specific heat and NMR relaxation rate at T c .
Substantial information concerning the superconducting state is provided by heat capacity data taken at low temperatures for CePt 3 Si. Results are shown in 3 Si is shown for the low temperature range in Fig. 7 ,a.
The application of magnetic fields reduces T c , resulting in a rather large change of dH /dT In order to derive a set of parameters characterizing the superconducting state of CePt 3 Si the BCS theory is adopted [13, 14] . Although substantial deviations from a spherical Fermi surface are expected for tetragonal CePt 3 Si, reasonable physical parameters can be expected (compare, e.g., Ref. [14, 15] 
;
mT which can be calculated from the free energy difference between the superconducting and the normal state:
C s is obtained from the zero field specific heat and C n is taken from the T T N = 2 2 K), the downsized specific heat jump at T c may explain, at least partly, that the Fermi surface is likely to be subdivided into a superconducting part (related to g s ) and a normal state region.
Microscopic evidence for the latter conclusion can be found from zero-field mSR spectroscopy data obtained in the magnetic phase below and above T c in the magnetic phase (Fig. 8) . At temperatures much above T N , the mSR signal is a characteristic of a paramagnetic state with a depolarization solely arising from nuclear moments. Below T N the mSR signal indicates that the full sample volume orders magnetically. High statistic runs performed above and below T c [16] did not show any change of the magnetic signal, supporting the view of a microscopic coexistence between magnetism and SC. This points to a novel state for SC Ce-based heavy-fermion systems at ambient pressure, for which, to date, magnetism was found to be either absent [18] or strongly competing against SC [19] . The observed coexistence is reminiscent of the situation observed in UPd 2 Al 3 [20] , where a model of two independent electron subsets, localized or itinerant, was proposed in view of similar microscopic data [21] .
Another microscopic information about the SC state can be obtained from the temperature dependent 195 Pt nuclear spin-relaxation rate 1 1 /T [22] .Results are shown as a ( ) ( Fig. 9 for 8.9 and 18.1 MHz. The relaxation behavior 1 1 /T T CePt 3 Si reminds to a kind of Hebel-Slichter anomaly [23] indicating coherence effects as in conventional BCS SC. The peak height, however, is significantly smaller than that observed for conventional BCS SC and, additionally, shows no field dependence at the 8. run. Notably, CePt 3 Si is the first HF SC that exhibits a peak in 1 1 /T T just below T c . 1 1 /T T at H~2 T seems to saturate at low temperature, which can be assigned to the presence of vortex cores where the normal-state region is introduced. ( . K ). However, further studies at temperatures below 0 2
/T T / /T T T c vs. T/T c plot in
. T c are required to make any definite conclusion on the specific behaviour of 1 1 /T . The nuclear spin-lattice relaxation rate 1 1 /T in the superconducting state can be expressed as
N s is the density of states and describes the distinct features of an isotropic, polar or axial SC state; M s is the anomalous density of states arising from coherence effects which can be calculated from To account for the relaxation behavior below T c in noncentrosymmetric CePt 3 Si, three unconventional models were adopted for a description of the temperature dependence of 1 1 /T at H~1 T. The dashed line in Fig. 9 represents a fit according to the the Balian-Werthamer model (BW isotropic spin-triplet SC state) with 2 3 9
D/k T B c = . [25] . Note that the peak of the BW model in 1 1 /T T originates from the presence of an isotropic energy gap. The dashed-dotted line is a fit using a line-node model with 
Here á ñ ... represents an angular average over the Fermi surface and f is the Fermi function. Evidently the temperature dependence of l( ) T depends on the topology of the gap structure. For line nodes in the energy gap the penetration depth is expected to be linear in the low temperature limit, where the temperature dependence of the energy gap can be neglected. Assuming that CePt 3 Si is both a clean ( ) l > x 0 and a local ( ( ) ) l x 0 0 > superconductor, as it was discussed above, the penetration depth experimental result points out to the existence of lines of nodes in the structure of the superconducting pairing state and, hence, to unconventional superconductivity in CePt Si 3 . For this material with a tetragonal crystal lattice a p-wave pairing symmetry, like d k
x proposed earlier by Frigeri et al., will not be consistent with line nodes, because for materials with strong spin-orbit coupling all the spin-triplet states are predicted to have point nodes [29] . Thus, the T linear variation of the penetration depth suggests a d-wave (spin-singlet) type of pairing symmetry in the energy gap.
A broad shoulder in Dl( ) T just below T c , like the one observed in Fig. 10 ,a, is usually associated in polycrystalline samples to inter-grain or proximity effects. However, this effect is not expected to be relevant in the present case, because of the high quality of the polycrystalline sample and the very small measuring magnetic fields (about 5 mOe) [26] . Dl( ) T for this sample has an inflection point around 0.52 K temperature that is near to the second superconducting transition (0.55 K) recently found in CePt 3 Si [12] . Thus, it is tempting to relate the shoulder to this second transition. However, the inflation point -or similar feature-does not seem to be present in preliminary results (obtained by one of the authors) in a sedimented powder sample, where the intrinsic behavior is thought to be more pronounced. Thus, no conclusions can be drawn on the second transition from the present measurements of the penetration depth.
Symmetry aspects
Time reversal invariance and inversion symmetry are essential ingredients for superconductivity. They allow us to distinguish pairing with spin singlet and spin triplet configuration and even and odd parity. Due to Fermion antisymmetry of the Cooper pair wavefunction these are uniquely combined into even parity spin singlet and odd parity spin triplet pairing states. The formation of Cooper pairs with vanishing total momentum relies on the availability of degenerate electron states of opposite momentum on the Fermi surfaces. It is generally believed that for spin singlet Cooper pairing time reversal invariance provides the necessary conditions, while spin triplet pairing needs additionally an inversion center [2] . The absence of inversion symmetry removes, however, the distinction of even and odd parity and leads immediately to a mixing also of the spin channels [30] .
The absence of inversion symmetry gives rise to antisymmetric spin-orbit coupling. In the case of 
with s 0 as unit matrix and I as the Pauli matrices in the electron spinor space. The electron bands split into two yielding two different Fermi surfaces with opposite spinor orientation as depicted in Fig. 11 .
Obviously there is now a clear restriction on the possible spin configurations for zero momentum Cooper pairs The mixing of the spin singlet and spin triplet channel for this electron band structure leads to an non-vanishing spin susceptibility at T = 0 in any case [30] [31] [32] . Thus the absence of paramagnetic limiting would be naturally explained. It was suggested, however, by Kaur and collaborators that in high magnetic fields perpendicular to the z-axis a novel superconducting phase with a helical order parameter could be realized which would leave its traces in the temperature dependence of the upper critical field [33] .
So far the symmetry of the order parameter remains an open question. However, theoretical considerations suggest that the lack of inversion symmetry introduces several complications in the microscopic discussion of superconductivity [30, 31, [34] [35] [36] [37] [38] [39] .
Summary
We summarize that non-centrosymmetric CePt 3 Si is a heavy fermion SC with T c = 0 75 . K that orders magnetically at T N = 2 2 . K. Specific heat, NMR and mSR studies indicate that superconductivity and long range magnetic order coexist on a microscopic scale and may be originated by two different sets of electrons. The NMR relaxation rate 1 1 /T shows unexpected features which were neither found before in conventional nor in heavy fermion SC, indicative of very unusual shapes of the SC order parameter. Unconventional SC is backed also by the present penetration depth studies. In fact, the various theoretical scenarios developed for this compound support these conclusions.
Work supported by the Austrian FWF P16370, and by FONACIT of Venezuela under Grant No. S1-2001000639 Fig. 11 . Fermi surface splitting. The lack of inversion symmetry gives rise to antisymmetric spin-orbit coupling which leads in general to a splitting of the spin degeneracy of the electronic states. The figure depicts schematically the splitting of the Fermi surfaces for the generating point group C v 4 CePt 3 Si. The spinor states are k-dependent in the way that the spin quantization axes lie perpendicular to the Fermi surface and the z-axis with the spin pointing in opposite direction for the two Fermi surfaces. This feature is essential for the possible spin configuration of the pairing states which can be constructed from two electrons on the same Fermi surface.
